Campylobacter jejuni are a common cause of human diarrheal illness. Previous work has demonstrated that C. jejuni synthesize a novel set of proteins upon coculturing with epithelial cells, some of which are secreted. The secreted proteins have been collectively referred to as Campylobacter invasion antigens (Cia proteins). Metabolic labeling experiments revealed that Cia protein synthesis and secretion are separable and that secretion is the rate-limiting step of these processes. Additional work indicated that Cia protein synthesis is induced in response to bile salts and various eukaryotic host cell components. Host cell components also can induce Cia protein secretion. Culturing C. jejuni on plates supplemented with the bile salt deoxycholate retarded the inhibitory effect of chloramphenicol on C. jejuni invasion, as judged by the gentamicin-protection assay. These data suggest that the coordinate expression of the genes encoding the Cia proteins is subject to environmental regulation.
Campylobacter jejuni are a major cause of gastrointestinal infections in the United States and other industrialized nations [1] . Individuals infected with C. jejuni frequently experience fever, severe abdominal cramping, and diarrhea with blood and mucous [2, 3] . The clinical symptoms exhibited by C. jejuniinfected individuals support the role of invasion of intestinal epithelial cells in C. jejuni-mediated enteritis [4, 5] . Despite the recognition of C. jejuni invasion of the intestinal epithelium as a possible pathogenic mechanism, studies defining the precise mechanism of C. jejuni entry and the identification and characterization of entry-promoting proteins are in their infancy.
Regulation of virulence gene expression is a common theme shared among pathogenic organisms, enabling them to conserve resources by expressing only the appropriate subset of genes in a specific environment. Moreover, disease-causing bacteria often adapt to different environmental conditions while moving from their free-living state to a host. Some of the environmental conditions that serve to signal the differential protein synthetic response exhibited by pathogenic bacteria include oxygen limitation, temperature, pH, and osmolarity [6] [7] [8] [9] . More specifically, secretion of Salmonella invasion proteins is regulated by oxygen limitation [6] , and their synthesis and secretion can be plemented with ampicillin (50 mg/mL) and tetracycline (15 mg/mL), as appropriate.
Tissue culture. Stock cultures of INT 407 cells (human embryonic intestine; ATCC CCL 6) were grown in Eagle MEM (EMEM) supplemented with 10% fetal bovine serum (FBS) or, when appropriate, in serum-free medium (HyQ-CCM5; HyClone Laboratories). Cultures were maintained at 37ЊC in a humidified, 5% CO 2 incubator.
Adherence and internalization assays. Adherence and internalization assays were done using INT 407 cells in cultures in 24-well tissue culture trays (Costar), as described elsewhere [13] . To determine the number of adherent C. jejuni, we inoculated INT 407 cell monolayer cultures with cfu of a bacterial suspen- 7 5 ϫ 10 sion, centrifuged them at 600 g for 5 min, and incubated them for 30 min in a humidified, 5% CO 2 incubator at 37ЊC. Monolayers were rinsed 3 times with PBS, epithelial cells were lysed with a solution of deoxycholate (0.5% wt/vol), and serial dilutions of the lysates were plated on MH/blood plates. The number of adherent bacteria was determined by counting the resulting colonies.
Internalization assays were done as above, with a few modifications. Infected cell monolayers were incubated for 3 h, rinsed 3 times with PBS, and incubated for an additional 3 h with 1 mL of EMEM supplemented with 1% FBS containing 250 mg/mL gentamicin. After incubation, cell monolayers were rinsed 3 times with PBS, epithelial cells were lysed with sodium deoxycholate (0.5% wt/vol), and dilutions of the lysates were plated on MH/blood agar plates. The number of internalized bacteria was determined by counting the resultant colonies. Results are presented as the of the number of viable adherent or internalized mean ‫ע‬ SD C. jejuni. Significance between samples was determined using Student's t test after log 10 transformation of the data. Two-tailed P values were determined for each sample, and was consid-P ! .01 ered to be significant.
Complementation experiments. A 2248-bp fragment containing the C. jejuni F38011 ciaB gene was amplified by polymerase chain reaction (PCR), using primers ciaB-365F (5 -AAG AAG TAC AAC CTT GAG AAT CC-3 ) and ciaB-29R (5 -CAA TAT CAA GTA AAA AAC AGC-3 ). After an intermediate cloning step using the pCRII cloning vector and EcoRI digestion, the gel-purified product was ligated into the EcoRI site of pMEK80. pMEK80 contains a C. coli tetracycline resistance gene (tetO) from plasmid pUOA3 [14] and the origin of replication from the Campylobacter pILL550 shuttle vector [15] in pBSK. The resultant shuttle plasmid, harboring the entire 1833-nt ciaB gene, was designated pMEK100. All plasmids were amplified in and purified from E. coli InvaF . pMEK100 was introduced into the C. jejuni F38011 isogenic ciaB mutant by electroporation. Transformants were identified by resistance to tetracycline, and plasmid carriage was confirmed by PCR.
Metabolic labeling. C. jejuni were harvested from MH/blood plates and were grown overnight in MH broth. The bacteria were pelleted by centrifugation at 6000 g, were washed twice in EMEM, and were suspended in medium to an optical density (OD 540 ) of 0.3 ( bacteria/mL). Metabolic labeling experiments were 8 1.5 ϫ 10 done in 3 mL of EMEM, without methionine (labeling medium), and with [
35 S]-methionine, as described elsewhere [16] . Chloramphenicol (128 mg/mL) was added in certain cases, to inhibit bacterial protein synthesis. In other cases, emetine hydrochloride (2.5 mg/ mL) was added 30 min before labeling with [
35 S]-methionine, to inhibit eukaryotic protein synthesis. Assays also were conducted with INT 407 cells that were fixed with 2.0% glutaraldehyde-2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 min at 4ЊC. The glutaraldehyde-paraformaldehyde-fixed INT 407 cells were washed 5 times with EMEM, without methionine, before the addition of the bacteria. Metabolic labeling experiments also were done using INT 407 cells cultured in HyQ-CCM5 serum-free medium.
Preparation of secreted proteins. After infection and a 2-h metabolic labeling period, bacterial cells were pelleted by centrifugation at 6000 g, and supernatants were collected. The supernatants were concentrated 4-fold by the addition of 5 vol of icecold 1 mM HCl-acetone. The samples were incubated at 4ЊC for 15 min, and the proteins were pelleted by centrifugation at 10,000 g for 15-20 min. Pellets were air-dried and were suspended in water.
Electrophoretic analysis. Samples were mixed 1:1 in doublestrength electrophoresis sample buffer and were placed in boiling water for 5 min. Twenty microliters of each sample was loaded into a well. Proteins were resolved by discontinuous SDS-12.5% polyacrylamide gel electrophoresis, using the discontinuous buffer system described by Laemmli [17] . Gels were treated with autoradiography enhancer (Entensify; Life Sciences Products), according to the supplier's instructions, and were dried. Autoradiography was performed with BioMax MR film (Kodak) at Ϫ70ЊC.
Extracellular matrix (ECM) preparation. ECM and cytoskeletons were prepared from 6-day-old confluent monolayers of INT 407 cells that were cultured in EMEM supplemented with 10% FBS and in HyQ-CCM5 serum-free medium, as described elsewhere [18] . In brief, cell monolayers were rinsed 3 times with Earle's balanced salt solution containing calcium and magnesium (EBSS). Monolayers were then treated with 0.5% Triton X-100 for 30 min, followed by treatment with 25 mM ammonium hydroxide for 10 min. Before being used, the ECM was rinsed 3 times with EBSS.
Confocal microscopy. INT 407 cells ( cells) were cul- 4 5 ϫ 10 tured on 13-mm circular glass coverslips for 18 h at 37ЊC in a humidified, 5% CO 2 incubator. To determine whether C. jejuni bind to fixed INT 407 cells, we treated cell monolayers with a solution of 2.0% glutaraldehyde-2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 min at 4ЊC. The cell monolayers then were rinsed 3 times with PBS and were inoculated with 0.5 mL of a bacterial suspension ( cfu per well) in EMEM. The tissue 6 5 ϫ 10 culture trays were centrifuged at 600 g for 5 min, to promote bacteria-host cell contact, and were placed in a humidified, 5% CO 2 incubator at 37ЊC for 30 min. Monolayers then were fixed with ice-cold methanol for 5 min, rinsed 3 times with PBS, and incubated with a 1:500 dilution of a rabbit anti-whole cell C. jejuni serum (3550G) in PBS containing 0.1% saponin, 10% FBS, and 0.1% bovine serum albumin.
After a 45-min incubation in a humidified chamber at 37ЊC, the monolayers were rinsed 3 times with PBS containing 0.1% saponin and were then incubated with a 1:100 dilution of a rhodaminelabeled goat anti-rabbit antibody (F[ab ] 2 fragment; Boehringer Mannheim) in PBS containing 0.1% saponin, 10% FBS, and 0.1% bovine serum albumin. After an additional 45-min incubation in a humidified chamber at 37ЊC, the monolayers were rinsed 3 times with PBS, and glass coverslips were mounted on slides. Samples were visualized with an inverted microscope (Nikon) with a 60ϫ objective using a laser scanning microscopy imaging system (1024; Bio-Rad) equipped with a krypton argon laser. Images were processed using Adobe Photoshop 4.0 (Adobe Systems).
A protocol similar to that outlined above was used to determine whether C. jejuni bind to the ECM. After the C. jejuni were stained, samples were stained with fluorescein isothiocyanate-labeled phalloidin, as described elsewhere [19] .
RNA extractions. C. jejuni were harvested from MH/blood agar plates in PBS, pelleted by centrifugation, and resuspended to an OD 540 of 0.3 in EMEM alone or supplemented with 1% FBS or 0.05% sodium deoxycholate. After incubation for 4 h at 37ЊC in a 5% CO 2 incubator, bacteria were pelleted by centrifugation at 6000 g. Bacterial RNA was extracted by using an isolation kit (Purescript TM RNA; Gentra Systems), according to the manufacturer's instructions. To ensure extensive purity of RNA for reverse transcription-PCR (RT-PCR), a second extraction was done using Trizol reagent (GIBCO BRL), according to the manufacturer's instructions. The RNA pellet was washed with 75% ethanol by centrifugation at 7500 g for 5 min at 4ЊC, air-dried, and dissolved in 50 mL of water treated with diethyl pyrocarbonate. Samples were stored at Ϫ80ЊC.
RT-PCR analysis. RNA samples were treated with RNase-free DNase at 2 U/10 mL RNA at 37ЊC for 30 min, followed by heat inactivation at 75ЊC for 5 min. The RNA was quantitated spectrophotometrically and was used to generate cDNA templates, with a first-strand cDNA synthesis kit (ProSTAR; Stratagene). This was done using 10 mg of RNA with 3 mL of random primers (100 ng/ mL). The samples were incubated at 65ЊC for 5 min, followed by cooling for 15 min to allow the primers to anneal to the RNA. First-strand cDNA was synthesized using Moloney murine leukemia virus-reverse transcriptase (50 U) at 37ЊC for 1 h. The reactions were stopped by heating at 90ЊC for 5 min, and cDNA was synthesized by RT-PCR, using site-specific primers (ciaB-F, 5 -TTT CCA AAT TTA GAT GAT GC-3 ; ciaB-R, 5 -GTT CTT TAA ATT TTT CAT AAT GC-3 ; hupB-F, 5 -CAG ATT TCA TTT CAT TAG TTG C; and hupB-R, 5 -CTT TTT GCC GCT TGC TTT TGC-3 ). Samples were subjected to PCR amplification, using Taq DNA polymerase (GIBCO BRL) and a PTC100 thermocycler (MJ Research). The cycling conditions were as follows: 1 cycle of 3 min at 95ЊC, 1 min at 45ЊC, and 3 min at 72ЊC; 10 cycles of 1 min at 95ЊC, 1 min at 45ЊC, and 3 min at 72ЊC; and 20 cycles of 1 min at 95ЊC, 1 min at 50ЊC, and 3 min at 72ЊC. The resulting products were resolved in a 1% agarose gel in Tris-borate-EDTA buffer, and bands were visualized by UV light after ethidium bromide staining.
Results
Complementation of the C. jejuni ciaB null mutant. Before doing experiments to determine the signal(s) necessary to trigger Cia protein synthesis and secretion, we did experiments to ensure that the noninvasive phenotype exhibited by the C. jejuni F38011 ciaB mutant was not due to a polar effect. Thus, the C. jejuni ciaB mutant was transformed with the pMEK100 shuttle plasmid. The pMEK100 recombinant plasmid contained a 2248-bp fragment harboring the entire ciaB gene from C. jejuni F38011. Transformants were identified by resistance to tetracycline, and plasmid carriage was confirmed by PCR, using plasmid-specific primers (not shown).
Binding assays revealed no significant differences in the numbers of the C. jejuni ciaB mutant, ciaB mutant transformed with pMEK100, and F38011 parental isolate bound to the INT 407 cells (not shown). However, a significant difference was noted in the invasiveness of the ciaB mutant versus that of the complemented ciaB mutant or F38011 isolate. The internalization assays also revealed that the C. jejuni ciaB mutant harboring pMEK100 exhibited nearly the same invasiveness as the F38011 parental isolate: C. jejuni parental , C. jejuni figure 1 . As determined by autoradiography, the Cia proteins were detected in the supernatants of C. jejuni cultured in EMEM containing FBS but not in those cultured in EMEM alone. Equivalent numbers of viable C. jejuni were recovered from nonsupplemented and serumsupplemented EMEM after the labeling period; thus, the absence of the Cia proteins in the nonsupplemented EMEM was not due to a decrease in bacterial viability. Whereas incubation of C. jejuni in EMEM containing 1%-10% FBS resulted in equal amounts of the secreted proteins (not shown), decreasing the concentration of FBS from 1% to 0.25% resulted in a dose-dependent reduction in secretion (figure 1) . This result suggests that a soluble factor in serum stimulates Cia protein secretion. The Cia proteins were also detected in the supernatant cultures, even when the EMEM containing 1% FBS was heated to 60ЊC for 30 min or 100ЊC for 15 min before the labeling experiment (figure 1), indicating that the molecule(s) responsible for stimulating Cia protein synthesis and secretion is heat stable.
To further investigate the signal necessary for Cia protein secretion, we incubated C. jejuni with INT 407 cells cultured in serum-free HyQ-CCM5 medium (figure 2). The Cia proteins were readily detected in the supernatants of C. jejuni co-cultured with serum-free INT 407 cells. In addition, the Cia proteins were detected upon co-culturing C. jejuni with INT 407 wholecell lysates, indicating that cell-derived molecules are sufficient to induce the stimulatory response. To determine whether the INT 407 cells secrete a soluble molecule capable of stimulating Cia protein secretion, a cell-conditioned medium was prepared by adding the labeling medium to a flask containing the serumfree INT 407 cells. After a 4-h incubation, the INT 407 cellconditioned medium was collected and was subjected to lowspeed centrifugation, to remove any INT 407 cells that may have detached from the flask during the procedure. C. jejuni were then suspended in the INT 407 cell-conditioned medium, and a labeling experiment was done. The Cia-secreted proteins were not detected in the supernatants of the INT 407 cellconditioned medium. In addition, culturing C. jejuni with glutaraldehyde-paraformaldehyde-fixed INT 407 cells did not induce Cia secretion. This finding may suggest that the stimulatory molecule is sensitive to fixation, that fixation of the cells masks the stimulatory molecule, or that C. jejuni are unable to bind to glutaraldehyde-paraformaldehyde-fixed epithelial cells. Consistent with previous work [16] , confocal microscopy revealed that C. jejuni bound to the fixed INT 407 cells, as determined by staining the bacteria with an anti-C. jejuni polyclonal antibody (not shown).
Bacterial contact with the extracellular matrix stimulates the secretion of the Cia proteins. To address whether fixation of the cell monolayers might mask the Cia protein secretion stimulatory molecule, INT 407 cells were removed from the substrate by treatment of cells with Triton X-100 and ammonium hydroxide. This treatment removes cells from the substrate, leaving behind cytoskeletal and ECM components [20] . C. jejuni bound to the INT 407-ECM components, as revealed by confocal microscopy ( figure 3 ). In addition, the Cia proteins were detected in the supernatants of C. jejuni cultivated with the ECM components, as determined by metabolic labeling experiments (figure 4).
To attempt to identify a component of the ECM that can stimulate Cia protein synthesis and secretion, we performed labeling experiments with C. jejuni suspended in EMEM supplemented with fibronectin or laminin. Neither of these ECM components alone stimulated Cia protein synthesis and secretion, as shown by the absence of the Cia proteins in the supernatants (not shown). Also noteworthy is that fixation of the ECM components with glutaraldehyde-paraformaldehyde before performing the metabolic labeling assay failed to stimulate Cia protein secretion, as determined by metabolic labeling experiments (not shown). These data suggest that the binding of C. jejuni to the ECM is sufficient to induce Cia synthesis and secretion and that the stimulatory capacity of the host cellderived molecules is sensitive to fixation. It is not known what components of the ECM induce C. jejuni Cia protein synthesis and secretion.
Characterization of the synthesis and secretion of the Cia proteins. Studies have revealed that there is a direct correlation between the altered whole-cell synthetic response exhibited by C. jejuni cultured with epithelial cells and the internalization process [11] . To determine whether an association exists between C. jejuni entry and secretion of the Cia proteins, the temporal kinetics of secretion were examined. proteins were detected within the first 30 min of incubation, concomitant with a rapid increase in C. jejuni internalization into host cells [11] . Also observed was a steady increase in the amount of C. jejuni proteins secreted over the time course of the experiment, corresponding with the kinetics of C. jejuni internalization (not shown).
To determine whether the secretion of presynthesized Cia proteins requires a stimulatory signal, we preincubated C. jejuni in EMEM containing 1% FBS, to induce Cia protein synthesis, and proteins were labeled with [ 35 S]-methionine for 1 h. After the labeling period, the bacteria were pelleted by centrifugation and were suspended in EMEM alone or in FBS-supplemented EMEM. The Cia proteins were readily detected in the supernatants of C. jejuni incubated in FBS-supplemented medium but not in medium without FBS (figure 5). These data indicate that the Cia proteins are synthesized by C. jejuni upon culturing in EMEM containing FBS and that secretion occurs only in the presence of a stimulating signal. These data further suggest that the secretion (not synthesis) of the Cia proteins is the ratelimiting step in Cia export.
To determine whether de novo protein synthesis is required for the secretion of the presynthesized Cia proteins, we added 128 mg/mL of chloramphenicol to the cultures 30 min before the addition of FBS, which was added to stimulate Cia export ( figure 5 ). This concentration of chloramphenicol immediately halts C. jejuni protein synthesis [16] . The Cia proteins were detected in the supernatants of C. jejuni incubated in FBSsupplemented medium only ( figure 5, lanes 3 and 4) , regardless of whether chloramphenicol was added to the culture ( figure  5, lane 3) . These data indicate that the secretion of the Cia proteins does not require additional de novo synthesis of the proteins comprising the secretion apparatus. Whether the addition of FBS to the culture medium induces the synthesis of the proteins comprising the secretory apparatus or whether the proteins comprising the secretory apparatus are constitutively synthesized is currently being investigated.
Bile salts stimulate the synthesis of the Cia proteins. Metabolic labeling experiments were done to determine whether alterations in environmental conditions could serve to induce Cia protein synthesis and secretion. Altering the pH (e.g., from 5.0 to 8.0), calcium concentration (e.g., adding 25 mM EGTA), or osmolarity (e.g., adding 0.3 M NaCl or 15% sucrose) of the culture media did not induce Cia protein synthesis or secretion (not shown). In addition, altering the temperature (e.g., between 30ЊC and 42ЊC) over the course of the labeling assays was not sufficient to induce Cia protein synthesis and secretion.
Campylobacter organisms are enteropathogenic bacteria, so we next tested whether Cia protein synthesis could be induced by the bile salts deoxycholate, cholate, or chenodeoxycholate. Because the addition of bile salts directly to the labeling media caused the lysis of a small number of bacteria, a modified labeling protocol was used. For these experiments, bacteria were harvested from MH agar plates supplemented with the appropriate bile salt, washed twice with EMEM minus methionine, and then labeled with [ 35 S]-methionine. After the bacteria were labeled for 1 h in nonsupplemented EMEM, chloramphenicol was added to inhibit any additional bacterial protein synthesis. After an additional 30 min, FBS was added to stimulate the secretion of any presynthesized proteins. Thus, the experiment was designed such that proteins would be secreted into the supernatants, upon the addition of FBS to the medium, only if the bile salt induced their synthesis. Secreted proteins were observed in the supernatants from C. jejuni harvested from deoxycholate-, cholate-, and chenodeoxycholate-supplemented plates (figure 6). These findings indicate that physiologic concentrations of bile salts can induce Cia protein synthesis, and they further demonstrate the requirement of a second stimulatory signal to induce Cia protein secretion.
The validity of the above findings was confirmed by RT-PCR, using ciaB-and hupB-specific primers and RNA extracted from C. jejuni cultured in EMEM alone, serum-supplemented EMEM, Downloaded from https://academic.oup.com/jid/article-abstract/183/11/1607/927884 by guest on 26 March 2019 Figure 7 . Fetal bovine serum (FBS) and sodium deoxycholate induce Campylobacter jejuni ciaB expression. A, Physical map of the C. jejuni F38011 chromosome, depicting the ciaB and hupB genes and location of the oligonucleotide primers used for reverse transcription-polymerase chain reaction (RT-PCR) analysis, is shown. B, RT-PCR analysis was performed with C. jejuni cultured in Eagle MEM (EMEM) supplemented with 1% FBS, 0.05 % sodium deoxycholate (NaDeoxy), or EMEM alone. Bacterial RNA was extracted, and RT-PCR analysis was done, as outlined in Materials and Methods. RT-PCR analysis of each RNA sample was performed using ciaB-specific primers, hupB-specific primers, and ciaB primers without the RT enzyme (control). Also shown are the products amplified using the ciaB-and hupB-specific primers from C. jejuni F38011 purified chromosomal DNA (DNA control).
or sodium-deoxycholate-supplemented EMEM (figure 7). The hupB gene, which lies immediately downstream of the ciaB gene ( figure 7A) , was chosen as a control, since it is transcribed constitutively. A product was obtained in all 3 samples with the hupBspecific primers ( figure 7B) . In contrast, a product was amplified using the ciaB-specific primers from RNA extracted from C. jejuni cultured in serum-supplemented EMEM and sodium-deoxycholate-supplemented EMEM but not from C. jejuni cultured in EMEM alone. Collectively, these data demonstrate that FBS stimulates both synthesis and secretion of the Cia proteins, whereas deoxycholate stimulates synthesis of the Cia proteins.
Deoxycholate enhances C. jejuni internalization. Earlier studies have demonstrated that chloramphenicol inhibits the uptake of C. jejuni into INT 407 cells. We performed assays to determine whether culturing C. jejuni on MH plates supplemented with sodium deoxycholate, which serves to stimulate the synthesis of the Cia proteins, retards the inhibitory effects of chloramphenicol (figure 8). Consistent with a previous study [21] , no significant differences were noted between the binding or internalization of C. jejuni cultured on MH agar plates and that of C. jejuni cultured on MH agar plates supplemented with sodium deoxycholate. However, when the invasive potential of C. jejuni was tested in the presence of chloramphenicol, a statistically significant ( ) difference was noted in the number P ! .01 of internalized bacteria for the C. jejuni cultured on deoxycholate-supplemented MH agar plates compared with that for C. jejuni cultured on the nonsupplemented MH agar plates ( figure  8A ). These findings suggest that sodium deoxycholate induces the synthesis of the Cia proteins, leading to their accumulation in the bacterial cytoplasm until a stimulatory signal is encountered that triggers Cia protein secretion.
To examine the specificity of the effect of sodium deoxycholate, we performed similar experiments with the C. jejuni ciaB mutant. For these experiments, we increased the original inoculum ( bacteria, compared with a typical infecting 8 5 ϫ 10 inoculum of ), in an attempt to determine any effect 7 5 ϫ 10 that deoxycholate might have on the internalization of the C. jejuni ciaB mutant. Biswas et al. [22] noted that increasing the inoculum (ratio of bacteria to host cells) results in an increase in the number of recoverable, internalized bacteria. The increased inoculum caused an increase in the number of adherent bacteria for each sample. Regardless, no difference was apparent in the invasiveness of the C. jejuni ciaB mutant cultured on a deoxycholate-supplemented MH agar plate, compared with that of the mutant cultured on a nonsupplemented MH agar plate ( figure 8B ). The invasiveness of the C. jejuni ciaB mutant is similar to that of the chloramphenicol-treated C. jejuni parental isolate. The latter organism was cultured on an MH agar plate, and the internalization assay was done in the presence of chloramphenicol to inhibit de novo protein synthesis. Chloramphenicol had no effect on the invasive potential of the C. jejuni ciaB mutant when cultured on deoxycholatesupplemented versus -nonsupplemented MH agar plates.
C. jejuni-host cell contact is needed for Cia effector function. Given that the Cia protein synthesis and secretion do not require host cell contact per se, we did preliminary experiments to address whether C. jejuni must bind to the cultured epithelial cells for effector function (i.e., C. jejuni internalization). Supernatants were collected after a 3-h incubation of the C. jejuni parental isolate in EMEM supplemented with 1% FBS. The supernatants were filtered to remove whole bacteria. The noninvasive C. jejuni ciaB mutant was then suspended in the filtered Cia-containing medium, and binding and internalization assays were performed. The noninvasive C. jejuni ciaB mutant was also suspended in EMEM supplemented with FBS, as a negative control. There was no difference in the invasive potential of the C. jejuni ciaB mutant suspended in the Ciacontaining medium, compared with that of the mutant suspended in EMEM supplemented with FBS, as shown by the following percentages (‫ע‬SD) of invasiveness: C. jejuni parental isolate, 100%; C. jejuni ciaB mutant suspended in EMEM, ; C. jejuni ciaB mutant suspended in Cia-contain-8.7% ‫ע‬ 0.6% ing EMEM, ; E. coli MRF suspended in EMEM, 3.8% ‫ע‬ 1.0% ; and E. coli MRF suspended in Cia-containing 0.8% ‫ע‬ 0.1% EMEM,
. These data suggest that the Cia proteins 0.9% ‫ע‬ 0.3% can induce pathogen uptake and perhaps alterations in cellular responses only if delivered into the cytosol of the host target cell via bacteria-host cell contact. Alternatively, the addition of a greater concentration of the soluble Cia proteins to the culture medium may be necessary for biologic activity.
Discussion
In this report, we show that C. jejuni respond to a heat-stable factor present in serum by synthesizing and exporting the Cia proteins. When the levels of FBS added to the medium dropped below 1%, the amount of the Cia proteins secreted decreased in a dose-dependent manner. The stimulatory molecule in serum was active regardless of whether the medium was heat-treated before cultivation of the bacteria. The Cia proteins also were synthesized and secreted by C. jejuni co-cultured with serumfree INT 407 cells, INT 407 whole-cell lysates, and INT 407 subepithelial ECM components. The latter findings indicate that viable host cells, per se, are not required to stimulate Cia protein secretion. At no time was Cia protein secretion observed by changing the temperature at which assays were performed or by modifying the pH, calcium concentration, or osmolarity of the culture media. Taken together, these results suggest that host cells make a molecule (to which C. jejuni bind) that stimulates Cia protein secretion.
Experiments were also done to determine whether the synthesis of the Cia proteins, in itself, is sufficient to induce Cia protein secretion. To address this question, C. jejuni were initially labeled for 1 h with [ 35 S]-methionine in medium supplemented with 1% FBS. The Cia proteins were readily detected in the supernatants of C. jejuni incubated in FBS-supplemented medium but not in medium without FBS. These data indicate that the Cia proteins are synthesized by C. jejuni cultured in FBS-supplemented medium and that secretion occurs only in the presence of a stimulating signal. They also indicate that the secretion of the Cia proteins from C. jejuni is rate limiting. This result is consistent with that of invasion plasmid antigen (Ipa) protein secretion from Shigella [23] .
One possible advantage to C. jejuni for this phenomenon could be that the synthesis of the Cia proteins may be induced by several factors but their maximal secretion requires the pathogen to bind to a host-derived or host-bound (under normal circumstances) molecule. By retaining a small cytoplasmic pool of the Cia proteins, it would enable concentrated levels of these proteins to be delivered into the cytosol of a host cell upon C. jejuni-host cell contact. Delivery of the Cia proteins in a more concentrated fashion may also be necessary for them to exert a biologic effect (e.g., alteration of a host signaling pathway[s] for cytoskeletal rearrangement and C. jejuni internalization). We envision a model whereby C. jejuni begin to synthesize the Cia proteins upon passage into the small intestine and secrete the Cia proteins upon contact with the cells lining the gastrointestinal tract.
The internalization of C. jejuni into intestinal epithelial cells has been found to be mediated by de novo synthesized proteins. These newly synthesized proteins were reported to be detectable within 30 min after the coculturing of C. jejuni with host cells, at which time there is a rapid increase in C. jejuni internalization into INT 407 cells [11] . Accordingly, we sought to determine whether there is a temporal correlation between the Cia secreted proteins and the internalization process. Metabolic labeling experiments revealed that the Cia proteins were secreted after coculturing C. jejuni in serum-supplemented medium for only 30 min, at which time there is a rapid increase in C. jejuni internalization into host cells. Thus, there is a temporal association between Cia protein secretion and C. jejuni invasion of host cells.
Culturing C. jejuni in medium with the bile salt sodium deoxycholate and FBS induces ciaB gene expression, as evidenced by RT-PCR analysis. Other work has shown that Shigella species synthesize and secrete the Ipa proteins when the bacteria are cultured in deoxycholate-supplemented medium [24] . While deoxycholate was found to increase the invasiveness of Shigella, Pope et al. [24] concluded that this effect was due to an increase in bacterial attachment to the cultured cells. Our experiments indicate that culturing C. jejuni on deoxycholatesupplemented plates, while not necessarily enhancing the invasiveness of C. jejuni, retards the inhibitory effect of chloramphenicol. Although culturing C. jejuni with deoxycholate has been reported elsewhere to stimulate the production of pili [21] , we found no evidence to suggest that pili play a role in mediating C. jejuni internalization. Structures resembling pili were not observed upon culturing the C. jejuni F38011 parental isolate on deoxycholate-supplemented MH agar plates, as judged by electron microscopy examination of negatively stained bacterial cells (not shown). In addition, culturing the C. jejuni ciaB mutant with deoxycholate did not enhance this organism's invasive potential. Collectively, these findings indicate that culturing C. jejuni with deoxycholate effects the organism's invasiveness by stimulating the synthesis of the Cia proteins.
In the context of the invasive potential of C. jejuni, the finding that FBS induces both the synthesis and secretion of the Cia proteins is noteworthy. Previous work revealed that C. jejuni can bind to cells of both human and nonhuman origin but are internalized more efficiently by cells of human origin [13] . The assays were conducted such that the various cell lines were infected with C. jejuni suspended in EMEM supplemented with 1% FBS. The inclusion of FBS in the suspension medium more than likely induced both the synthesis and secretion of the Cia proteins. On the basis of these observations, we hypothesize that the ability of C. jejuni to invade a particular target cell is dependent on the properties of the target cell. The views that the relevant properties of the host cell include the expression of specific cellular receptors that allow for the delivery of the Cia proteins and that the possession of signaling pathways that are susceptible to alteration by the subset of Cia proteins that are translocated into the target cell cytosol (or a combination of both) are possibilities. Whether the Cia proteins play a role in a host in which C. jejuni does not cause disease (e.g., chickens) is not known. Infection studies with the C. jejuni parental and ciaB mutant isolates are currently under way with cells of nonhuman origin, to attempt to uncover whether these isolates display distinct phenotypic properties.
The ability of C. jejuni to enter and survive within eukaryotic cells supports an important role for invasion in colonic damage and diarrheal disease. Although we have found that the Cia proteins play a role in the invasion of host cells and speculate that they are necessary for the development of C. jejuni-mediated enteritis, the precise functions of the secreted proteins remain to be elucidated. Also not known are the components of the Cia secretory apparatus. We proposed earlier that the Cia proteins are secreted via a type III system based, in part, on the absence of an identifiable signal sequence in the 73-kDa protein CiaB. Besides the absence of a cleavable, hydrophobic amino-terminal signal sequence in the secreted protein, other essential features of the type III secretion system include a signal to induce protein secretion and the export of a protein across the inner and outer membranes without a periplasmic intermediate [25] . Most but not all type III secreted proteins also require accessory proteins (e.g., chaperones) for secretion [26, 27] . Here we show that a signal is required to induce Cia secretion. Although proteins homologous or analogous with a classical type III secretory apparatus have not been found in the genome of C. jejuni NCTC 11168 (http://www.sanger.ac.uk/ Projects/C_jejuni), the Cia proteins may be secreted from the C. jejuni flagellar apparatus in a manner similar to that of the type III secreted flagellar outer proteins from Yersinia [28] . Studies are currently under way in our laboratory to characterize the Cia secretion apparatus.
